in his 'Lectures on compression of the brain' was the first to indicate that with an acutely expanding intracranial mass, the ipsilateral pupil frequently dilated and became unresponsive to light. This he attributed to compression of the third nerve. Von Bergmann (1880) and subsequently Macewen (1887) came to similar conclusions regarding the significance of paralytic mydriasis in determining on which side such lesions were to be found. These authors and most subsequent writers on the subject have favoured compression of the third nerve as the most likely mechanism.
A number of reports over the years, however, have suggested another basis for this sign. Cushing (1908) expressed the view that compression of the cerebral hemisphere was responsible and that brief narrowing of the pupil preceded progressive mydriasis. Adrogue and Balado (1925) said that compression of some structure other than the third nerve should be considered, at least in some instances, since in their experimental and clinical studies the nerve occasionally showed no evidence of trauma. Schorcher (1937) , on the basis of experimental and clinical data, stated categorically that compression of the oculomotor nerve was not a factor in the early phases of paralytic mydriasis and that irritation of sympathetic pathways in the brain-stem should be regarded as the predominant mechanism. Reid and Cone (1939) concluded that pressure on the third nerve was the cause of the dilated pupil and pointed out that because of the close association of pupilloconstrictor centres in the midbrain it was highly improbable that unilateral mydriasis would occur from pressure there. Nelson (1942) and Penfield and McEachern (1949) , however, attributed paralytic mydriasis to compression of the brain-stem.
Current opinion favours trauma to the third nerve, and among more recent studies sponsoring this view- ' This investigation was supported in part by research grant B-3296 from the National Institutes of Public Health Service, and the paper was read at the meeting of the Society of Neurological Surgeons, Rochester, Minnesota, 7-9 May 1964. point are those of Welte (1943) , Sunderland and Hughes (1946) , Sunderland and Bradley (1953) , Lazorthes, Pigassou, and Gaubert (1955) , Sunderland (1958) , Weintraub (1960) , Jennett and Stem (1960) , and Keefe, Rucker, and Kernohan (1960) .
In a recent study of pupillomotor pathways in the spinal cord in the cat (Kerr and Brown, 1964) , the ease with which paralytic mydriasis could be produced, occasionally lasting for a number of hours, in response to a single episode of trauma to the cervical or upper thoracic cord, again raised the possibility that compression of the brain-stem and irritation of the sympathetic pupillomotor pathway might play a significant role in this response. The fact that lateral compression of the cord led to ipsilateral pupillodilatation appeared to detract from the point made by Reid and Cone (1939) that proximity of pupillomotor centres ruled out unilateral pupillary changes in response to pressure, since in the thoracic spinal cord of the cat the right and left ciliospinal centres are separated by a distance of less than 2 mm.
For these reasons we decided to re-evaluate the mechanisms of pupillary-dilatation secondary to increased pressure and to test the theories by applying pressure under direct vision to various supratentorial structures.
As the study progressed, it became necessary also to determine the course of the pupillomotor fibres in the third nerve, since some conflict of opinion exists in the literature on this point. The most generally accepted view is that of Sunderland and Hughes (1946) who stated that small fibres are most numerous on the superior arc of the third nerve in its proximal course near the brain-stem and concluded that these were the fibres that passed to the inferior divi-Frederick W. L. Kerr and 0. Weems Hollowell to reach the inferior surface. The precise location of these fibres is of some practical importance in trying to determine the mechanism of paralytic mydriasis, particularly in view of the well-known observation (Wilson, 1949; Huber, 1961 ) that a relatively pronounced degree of pupillary dilatation may result from pressure, without any clinically detectable impairment of extraocular motility but Jennett and Stern (1960) cast some doubt on this observation. The dissociation of intraocular and extraocular motility has been variously accounted for. Some investigators have considered the pupillomotor fibres more vulnerable to pressure, a suggestion which is at variance with the greater resistance of small fibres to pressure block, while others think that the pupillomotor fibres are located in a more vulnerable position.
MATERIAL AND METHODS
The animals used for the compression and stimulation studies included 10 dogs, one Macacus rhesus, and one baboon (Papio papio); in addition, some of the studies on dogs in which direct pressure was applied to the brainstem and to the third nerve were repeated on three cats. For all experimental procedures deep pentobarbital sodium anesthesia was used; supra-collicular decerebration with removal of the brain rostral to this plane was carried out in those experiments in which stimulation of the third nerves was to be done.
COMPRESSION STUDIES Pressure was applied to the convexity and to the medial and the inferior aspects of the hemisphere. A Chatillon gaugewas used in these and other studies of this type to estimate in grams per square centimetre the actual pressure applied. Pressure was applied to the lateral aspect of the brain-stem at the level of the tentorial notch by means of a foam rubber cushion cut to the approximate size and shape of the medial aspect of the temporal lobe. In other studies, pressure was applied vertically on the quadrigeminal plate, also by means of a small foam rubber cushion, or transversely to compress the tegmentum at the level of the third nerve nucleus without lateral displacement. Finally, pressure, measured by a Chatillon gauge, was applied directly to the third nerve in a similar manner. These observations on the effects of pressure can be regarded only as relatively gross approximations.
STIMULATION STUDIES The usual stimulus employed was 6 v., 60/sec., 1 msec., square wave pulses delivered by a Grass stimulator via standard insulated monopolar steel electrodes, the indifferent electrode being placed in the paravertebral musculature. When the preganglionic pathway in the third nerve was being traced, steel microelectrodes were used to restrict the area of stimulation to a minimum, and stimuli which were just suprathreshold to maximal were used. Thus discrete identification of the fibres was possible. Since marked miosis is present in decereblate animals in good condition, it was necessary in most instances to produce pupillary dilatation as a prelirninary step to stimulation of the pupillomotor fibres in the third nerve. This was usually obtained by means of mild compression of the nerve as it left the brain-stem and was cross-checked in experiments in which the nerve had not been touched; in others in which the nerve was completely transected at the brain-stem, the nerve was stimulated distal to the section, and in still other experiments mydriasis was produced by sustained stimulation of the cervical sympathetic chain, and during the resultant mydriasis various aspects of the third nerve were stimulated. In addition to stimulation of the third nerve, multiple points of the cortex, again including the medial and inferior aspects of the hemisphere, were stimulated to determine the areas from which pupillomotor responses could be obtained before carrying out compression experiments.
The effect of sectioning various quadrants of the third nerve was studied also. The four quadrants of the nerve were marked by introducing fine rigid steel wires through the nerve at right angles to each other (a procedure which did not influence the diameter of the pupil or the response); following this, individual nerve quadrants were relatively accurately sectioned with fine iris scissors. In other instances, the nerve was sectioned progressively from lateral to medial or vice versa.
Pupillary responses were photographed by means of a Grass camera triggered by a relay at 2 or 5 frames per second; a cystoscope lamp bulb on the animal's forehead signalled the beginning and end of stimulation. Other details of technique are as described elsewhere (Kerr and Brown, 1964) .
HISTOLOGICAL STUDY Ten oculomotor nerves from man, two from macaques, and four from dogs were studied.
The lateral and superior aspects of all the nerves were marked with a narrow stripe of red and of green plastic paint, respectively; this was allowed to dry before placing the specimen in 10%. formalin. These identification marks were applied with the nerve and brain in situ since, on sectioning the nerve just distal to the point where it enters the dura, considerable external rotation tended to occur. Three segments were cut from each nerve, one at the emergence from the brain-stem, one at the midpoint in the subarachnoid space, and one at the level where the nerve pierces the dura.
The plastic marking resisted subsequent processing of the nerve until sections were attached to the slides; deparaffinizing frequently removed the markers. Therefore, their position was identified on the slide with a diamond point before deparaffinizing.
Sections were cut at 8 microns and stained by the Bodian technique.
RESULTS
COMPRESSION STUDIES Pressure applied to any or all points of the cerebral hemispheres (including the basal aspects) for 30 to 60 seconds or more had no effect on the size of the pupils provided the direction in which the pressure was applied did not compress or distort the third nerve. The degree of pressure applied was well in excess of systolic blood pressure and often resulted in a depression of the cortex which persisted for a considerable time after pressure was discontinued. When pressure was applied to the lateral aspect of the brain-stem (dog), no change in pupillary size occurred until the third nerve was stretched or compressed. Prompt ipsilateral dilatation then occurred. With further rather intense pressure the contralateral pupil would begin to dilate also, owing to stretching of the opposite third nerve. On release of the compression this pupil returned to normal size before the ipsilateral pupil. The conclusion that may be drawn, however, on the basis of repeating the compression experiments many times, both in the same and other animals, is that the third nerve is by far the most sensitive structure to pressure in so far as the production of mydriasis is concerned; pressures of equal or greater intensity applied to the cerebral cortex, the lateral or dorsal aspect of the brain-stem at the level of the tentorial notch, being either without effect or, as in the case of the quadrigeminal plate, result in miosis.
STIMULATION OF THE THIRD NERVE Using graded electrical stimuli as described under Methods and with both third nerves exposed from the brain-stem to the dural penetration, the nerve was stimulated at successive points around its circumference; this was done at the point of emergence of the nerve from the midbrain, at the point where the dura was penetrated, and midway between these two points. Some variation in the response occurred from animal to animal, and the description which follows corresponds to the most typical experiments. Stimulation of the superior surface of the nerve at its emergence from the midbrain resulted in maximal pupillary constriction, particularly on the medial half of the superior surface. Stimulation of the lateral and inferior quadrants of the nerve at this level had no effect on the pupil, while stimulation of the medial surface resulted in progressively less response as the stimulus was applied farther from the dorsomedial aspect.
At the midpoint of its subarachnoid course, the maximal response was obtained from the medial aspect of the nerve, either exactly on the horizontal meridian (Fig. lb) The sections of the nerve were carried out at the midpoint of its course in the subarachnoid space or at the point where the nerve passed into the dura and stimulation was applied proximal to the severed portion of the nerve (Fig. 2) . The lateral half of the nerve could be transected at these levels without any effect on pupillary response to stimulation of the nerve proximal to the lesion (Fig. 2a) . Further sectioning of the nerve to include the central or axial portion likewise produced no change. When all that remained of the nerve was a thin, almost translucent band of the most medial fibres, the pupillary response remained unchanged (Fig. 2b) . Progressive sectioning of this medial husk of the nerve then resulted in gradual deterioration of the pupillary response, which disappeared as the last fibres were transected. In the experiment on the baboon on which Fig. 2 is based, the pupil was initially mydriatic.
Section of the third nerve in the reverse direction, that is, from medial to lateral, resulted in initial dilatation of the pupil, but full dilatation did not Upper row. Pupil at rest. Middle and lower rows. Response at I and 2 seconds, respectively, from onset ofstimulation. Scale for pupil diameter in millimetres. Discussion in text. occur in some instances until the whole of the nerve had been transected, and a mild response could be obtained to stimulation proximal to the section when the medial half of the nerve had been transected. This indicates that, despite negative results of stimulation, some pupillomotor fibres run in the lateral half of the nerve and this small number of pupillomotor fibres is sufficient to maintain a degree of pupillary tone. However, in some instances section of the most medially placed fibres at the midpoint in the subarachnoid course caused immediate and pronounced paralytic mydriasis (Fig. Id) . No changes in pupillary contour (discoria) occurred as a result of these partial transections, the dilatation being regular and progressive. Section of the nerve in quadrants also confirmed these observations; in some instances the cut surface of the distal stump of the nerve was stimulated. No pupillary response was obtained from stimulation of the central part of the nerve, whereas the maximal response was elicited from the medial and superficial aspects.
OBSERVATIONS ON ACCOMMODATION During the course of these observations on pupillary constriction in response to localized stimulation of the third nerve, changes in accommodation were looked for and found. Simple inspection revealed a marked forward displacement of the iris in response to stimulation of the nerve at specific points; this displacement is due to the increased curvature of the anterior surface of the lens which occurs on accommodation (Adler, 1959) . That accommodation occurred was also clearly demonstrated by retinoscopy.
In every instance accommodation was associated with pupillary constriction, whereas no accommoda- group.bmj.com on December 30, 2017 -Published by http://jnnp.bmj.com/ Downloaded from Location ofpupillomotor and accommodationi fibres in the oculomotor nerve: Experimental observations 479 tion occurred when there was no pupillary response to stimulation of the third nerve. It is thus clear that the two responses are mediated by fibres intimately associated in the nerve. Furthermore, when weak pupillary responses were elicited, correspondingly weak accommodation occurred.
HISTOLOGICAL OBSERVATIONS As noted, sections of the third nerve at the brain-stem, at the point where the nerve pierces the dura, and midway between these two levels were studied.
Fibres fell into two main groups. One of these comprised the large fibres ranging between 10 and 16 p. The other was represented by small fibres of a diameter between about 5 and 1-0 p, which were rather distinctive in the dog and monkey (Fig. 3) , since the myelin sheath tended to stain pink to purple and clusters of such fibres were readily identified. They were located readily in both species on the dorsomedial aspect of the nerve at the level of exit from the brain-stem; subsequently, at the middle a Dog Monkey _ and more distal parts of the nerve they were found along the most medial aspect of the nerve. These fibres were arranged in small bundles, many of them being placed superficially immediately beneath the epineurium; some of the bundles retained this position while others extended inward for variable but usually small distances between the larger fibres, from which they were quite distinct. The superficial lateral and ventral aspects of the nerve were devoid of these clusters of small fibres, although isolated groups of small fibres were not uncommon throughout the deeper layers of the nerve. In man the small fibres at or near the surface of the nerve are difficult to demonstrate for reasons which are not clear. Possibly immediate fixation is necessary for good results. We were able to demonstrate them satisfactorily in only two of the 10 human nerves studied. Even in these two they were far less obvious than in the dog and monkey, and it should be noted that in the sections in Fig. 4 Some authors (Cushing, 1908; Dott, 1939; Fischer-Bruigge, 1951, among (Browder and Meyers, 1939) without significant changes in pupillary function, whereas less pressure with displacement of the intracranial contents frequently results in paralytic mydriasis. The determination of the position of the pupillomotor fibres in the third nerve is based on both anatomical and functional studies. Since the results of these two methods are in close agreement, it may be stated that, between the brain-stem and the exit of the nerve from the subarachnoid space, these fibres lie along the dorsomedial and medial aspects of the nerve and have a gradually descending course as they run forward. Furthermore, they are located very superficially, most of them being immediately beneath the epineurium.
One discrepancy in our experiments should be noted, however; thus, while a fairly brisk contraction of the pupil could usually be obtained from the ventrolateral aspect of the nerve near the point of dural penetration, no definite aggregation of fine fibres could be demonstrated histologically at this point. It is possible that some of the scattered fine fibres seen throughout the nerve may mediate pupillomotor functions and thus account for the discrepancy Location ofpupilloniotor and accommodation fibres in the oculomotor nerve: Experimental observations 481 between stimulation and structural findings in this instance.
The location of the pupillomotor fibres as described here confirms the observations of Sunderland and Hughes (1946) and supports, from the structural point of view, the mechanism of compression of the superior surface of the third nerve by the posterior cerebral artery as described by Fischer-Brugge (1951) , Sunderland and Bradley (1953), Keefe et al. (1960) , and others. On the other hand, the medial position of these fibres at the level of the posterior clinoid and the dural penetration points also supports the suggestion of various authors (Reid and Cone, 1939; Fischer-Briigge, 1951; Lazorthes et al., 1955) that pressure against medially placed structures at this level is responsible. ACCOMMODATION There has been up to the present time no information regarding the course of fibres mediating accommodation, and although the observations made during the course of this study cover only a very short part of this pathway, they indicate that, at least in the third nerve, the fibres for accommodation are intimately associated with the pupillomotor fibres.
SUMMARY
Study of the effect of compression and stimulation of the third nerve of several species of animals and histological study of the nerves yielded the following findings.
The third nerve is the only supratentorial structure which on being compressed gives rise to mydriasis.
Compression of the brain-stem tegmentum at the level of the oculomotor nucleus results in miosis, not mydriasis.
The position of the pupillomotor fibres in the third nerve has been determined by stimulation, partial neurotomies, and histological study, results from these methods being in close agreement.
The fibres mediating accommodation run with the pupillomotor fibres in the third nerve.
